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Abstract: The use of protected agriculture structures in tropical and subtropical countries is the
main alternative for intensification of agricultural production selected by producers. In general, in
these regions, passive and plastic-covered structures predominate, with natural ventilation as the
only method of climate control. This phenomenon has been widely studied in different types of
structures using computational fluid dynamics (CFD) simulation. Therefore, this review aimed to
collect and analyze the publications generated in this field of knowledge between 2010 and 2020.
The search for information included the main academic databases available on the web and the
analysis was carried out using bibliometric techniques, from which it was possible to identify details
inherent to the scientific production, such as countries of origin, main authors, journals, and citations.
Likewise, a detailed breakdown of the relevant technical information of the three phases of numerical
simulation, such as preprocessing, processing, and postprocessing, was carried out. A compilation
of 118 papers published in 65 journals, written by 256 authors, originating from 24 countries was
achieved, where it was evident that Mexico and Colombia were the countries with the highest
scientific production in the last decade. These papers analyzed, together, a total of 17 different types
of structures where polyethylene-covered greenhouses predominated, with steady state simulations,
for daytime climate conditions and without the presence of crops. Within the current and future
research trends, the predominance of studies analyzing passive climate control methods, new models
of insect-proof mesh-house structures, and, finally, studies focused on the structural analysis of
greenhouses was found.
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1. Introduction
Population growth projections show that by the year 2050, there could be approximately 9.1 billion people on planet Earth [1,2]. This, together with the high vulnerability
of agriculture due to accelerated climate change, has become a serious threat to the food
security of nations, generating new challenges to agricultural productivity [3]. Therefore,
there is an explicit need to increase food production by approximately 70% in the coming
years, and it is also necessary to develop production intensification strategies to provide
technical solutions [4]. The increase in food production must also be carried out with
less natural resources, such as water and soil, which is why agriculture under cover or in
greenhouses has been proposed as one of the main production alternatives [5].
Worldwide, this production alternative in the agricultural industry has been the strategy used in recent years to improve yields in food production [6]. This has been achieved
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through the intensification and industrialization of processes and crop management techniques, as a continuous response to the reduced availability of resources necessary for food
production [7]. The above has allowed a constant evolution of this production technique,
making agriculture under cover a key tool for the achievement of sustainable development
objectives [8].
Agricultural production under covered structures is considered a form of agricultural
production where the microclimate factors affecting plant growth and development are
totally or partially controlled [9]. Therefore, with respect to open field agricultural production, some benefits can be obtained, such as: (i) allowing agricultural production in regions
where climatic conditions are adverse for the crops of interest, (ii) increasing production
per unit area, (iii) optimizing water resource management and crop fertilization, and (iv)
improving the commercial quality of the final product [10,11]. However, it should be noted
that in order to achieve these benefits, it is necessary to have adequate microclimate management inside the different types of protected agriculture structures used in the countries
where this type of technology has been implemented [12].
As for the typology of protected agriculture structures, they can be classified into
active structures, where high-tech greenhouses predominate, which are equipped with
the necessary mechanisms and controllers to manage the behavior of temperature, humidity, radiation, and CO2 levels inside the greenhouse [7]. On the contrary, passive
structures are those that are very characteristic in regions with mild climates and where
microclimate management is limited to natural ventilation and shading techniques or roof
whitening. [11].
Microclimate refers to the interaction of climatic parameters generated around plants,
including heat transfer by radiation, conduction, and convection, as well as the mass
balance of water vapor and CO2 [13]. One of the alternatives for microclimate management in passive greenhouses is natural ventilation, a passive method that is considered
low cost with low environmental impact [14]. Natural ventilation is the most important
phenomenon to be controlled inside a protected agricultural structure, since it facilitates
the exchange of mass and energy between the crop plants, the surrounding air inside
the structure, and the external environment [15]. Therefore, in a structure that relies on
natural ventilation as a method of climate control, it is necessary to ensure an adequate
and uniform movement of air flow, which will guarantee that the microclimatic variables
will remain within optimal levels for plant growth and development [16].
Natural ventilation depends on two driving forces: forced convection or dynamic
ventilation and free convection or thermal ventilation. The forced convection component is
dependent on the outside wind speed and the ventilation configuration of the greenhouse.
The free convection component is generated from the buoyancy effect; this occurs due
to the thermal gradient that is presented in the air inside and outside the greenhouse or
protected agriculture structure. This, in turn, generates density and pressure differentials,
which produce a vertical movement or chimney effect of the air inside the structure [17,18].
This air movement allows regulating temperature and humidity conditions, avoiding
phenomena such as condensation inside the greenhouse or protected agricultural structure.
Likewise, the flow of air from the outside environment is the only source of carbon enrichment in passive structures, therefore, this is a factor that positively or negatively affects the
photosynthetic processes of plants [19,20]. Additionally, it has been reported that natural
ventilation can improve pollination and, therefore, fruiting of some horticultural products
such as tomatoes [21].
The efficiency of natural ventilation will depend on the specific and external factors
of each type of protected agricultural structure. These include the size and height of the
greenhouse, the shape and size of the ventilation areas of the structure, the direction and
speed of the outside wind, the presence of neighboring structures or greenhouses, the use
of anti-insect screens in the ventilation areas, and the type of crop and its phenological
stage [22,23]. Considering these different factors that influence natural ventilation, it has
been concluded that it is a physical phenomenon that is not easily understood. For this rea-
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son, understanding it through the use of different mathematical models and measurement
techniques offers a starting point for decision making in the design and management of
protected agricultural structures [20,24].
According to the literature, it has been reported that in the middle of the 20th century,
on the eve of the Green Revolution, the first studies on air circulation in greenhouse
structures were developed [25]. Four decades later, some researchers have proposed
the use of Bernoulli’s equation as a calculation method to estimate the amount of air
that can circulate through a ventilation area, thus generating the basic theory of natural
ventilation in greenhouses [26–28]. Similar methodologies were also proposed for other
types of structures such, as screenhouses [16]. Currently, there are already calculation
techniques that help to understand the behavior of natural ventilation, among these are: (i)
mass balance with a tracer gas, (ii) indirect energy and mass balance methods, (iii) direct
measurements of velocities and pressures at windows, (iv) visual methods on scale models,
and (v) wind tunnel studies [17,29].
However, it should be mentioned that some of these quantification methods require
the development of experimental tests, in some cases complicated and expensive to carry
out. Additionally, they only allow users to obtain a numerical value of the ventilation rate,
but do not allow visualization and understanding of the movements of the air flows [20,30].
For some of these reasons, and taking into account the progress of engineering tools, in
recent years, the use of computational fluid dynamics (CFD) has been proposed as an
agile and accurate alternative for the study of natural ventilation in protected agricultural
structures [31,32].
CFD simulation is a robust and mature methodology based on the nonlinear equations
of conservation of mass, quantity of motion, and energy in the flow of a fluid; the calculation
and solution of these equations is performed by numerical discretization and computational
simulation [33]. This simulation methodology is composed of three phases: preprocessing,
processing, and postprocessing. In the preprocessing phase, the geometry of the structure
to be evaluated is constructed and the computational domain external to the structure
is defined. The boundary conditions of the computational domain are also defined and
finally the volume of the computational domain and the structure is spatially discretized in
a numerical grid [17].
In the processing phase, the criteria and initial conditions of the simulation are selected, as well as the models that allow representing the microclimatic behavior inside
the structure, such as the solar radiation model, turbulence model, buoyancy model, and
porous media models. Finally, there is the postprocessing phase, where qualitative and
quantitative analyses of the results obtained in the numerical simulations can be performed [23]. However, these simulations must be validated before implementation with
experimental methodologies or with theoretical comparisons based on the execution of the
numerical models or with comparisons of previously performed work [4,12,34].
Once the CFD model has been validated in this postprocessing phase, it is possible to
describe the movement of the air flow inside any type of protected agricultural structure, it
is also possible to optimize the size and position of the ventilation areas [35,36]. It is also
possible to develop specific analyses or studies of any type of ventilation configuration
of a structure and its effect on the spatial distribution of microclimate variables and even
detect deficiencies in the design of ventilation systems used in tropical and subtropical
regions [30,35,37–39]. Finally, it is also important to mention that once a structured and
a validated CFD model is available for a given protected agricultural structure type, it is
possible to make decisions on its management through numerical simulations, without the
need to resort to experimental tests, thus reducing costs and optimizing processes [40].
The CFD methodology, implemented as a design tool with the objective to improve
the efficiency of natural ventilation in greenhouses or protected agricultural structures, has
achieved a great recognition worldwide. This is reflected in the number of studies that
have been developed related to this topic [17,41–43]. Within these studies, we have also
found research where the objective was the study of anti-insect screen establishment in
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the ventilation areas of passive greenhouses and their effect on natural ventilation [44–47].
There have also been more recent studies evaluating the microclimate and its variation due
to the presence of different types of crops and at different phenological stages or the effect
on the microclimate due to the implementation of active climate control equipment, such
as heating, cooling, and CO2 injection systems [48–52].
Another research approach aimed to take advantage of the high capacity of CFD to
analyze unconstructed scenarios, thus offering advantages in analyzing the spatial variability of the microclimate and energy efficiency in all types of protected agriculture structures,
allowing users to obtain realistic and accurate results that facilitate the optimization of the
technological systems involved in agricultural production under cover [53–56]. Finally,
the results obtained through CFD are being used for farmers’ education, through the
combination of numerical results and technological developments that allow virtual reality
representations. It has been possible to establish technological showcases where farmers
can observe the relationship between air flows in a greenhouse and the generation of the
microclimate [57,58].
The economic and social context of many countries located in the tropical and subtropical regions does not allow the implementation of high-tech greenhouses. Therefore, in
these regions, there is still an opportunity to increase the level of technological optimization
of the roof structures used and, currently, the use of CFD in these countries is a valuable
tool in the search for these technological solutions [59]. In recent years, in these countries
located in the tropical and subtropical region, a significant number of studies on the greenhouse microclimate have been developed, but to date there has been no analysis of the
impact and relationship between these investigations. One way to know these factors is
through bibliometric studies, which have become research tools recently used in many
areas of science and technology [60]. Bibliometrics allow us to quantitatively relate the
research works developed in a specific area, to learn some of the particularities and impact
of each work, to identify research networks, and even to conclude on the research trends in
the analyzed area of knowledge [61].
For the above reasons, the main objective of this work was to develop a bibliometric
and technical analysis through the compilation of scientific information reported in the
main databases of studies related to the use of CFD applied to the analysis of natural ventilation in passive protected agricultural structures in tropical and subtropical geographic
regions.
2. Materials and Methods
Literature review is a relevant tool when talking about knowledge management and
mainly in evaluating the scientific production of a specific area [62]. Therefore, to achieve
the objective of this work, a methodology for the analysis of the information collected in
the different databases explored was proposed, comprising two stages: (I) bibliometric
analysis and (II) technical analysis. The two stages complement each other, resulting in a
structured, systematic, and detailed analysis of the current information related to the topic
of study.
2.1. Bibliometric Analysis
As a result of the computer revolution since 1950, information and communication
technologies (ICTs) have developed considerably. Therefore, there are now computer
techniques that allow the analysis of the scientific production generated in an area of
knowledge [63,64]. They facilitate the analysis of information through mathematical tools
that allow researchers to establish the existing relationships between the stakeholders of
the knowledge networks [65,66]. One of these analysis techniques is part of scientometrics
and is known as bibliometrics, which is a technique that provides, through a systematic
analysis, understanding of the current state of the art of a field of knowledge in which a
researcher or a research network is interested [67–69].
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2.1.3. Identification of Pertinent Databases
Among the scientific databases, the following were used: Science Direct, Scielo, Mendeley, Taylor and Francis, Springer, Wiley Online Library, Web of Science, Google Scholar,
and documents obtained from the social network, Researchgate. These were selected for
their international recognition in the academic, professional, and scientific fields [70].
2.1.4. Understanding and Analysis of Results
For data analysis, we used the methodology described by Aria and Cuccurullo [71],
who recommend the implementation of the open source software Biblioshiny, which is
structured for its operation in the R-studio software. In addition, the bibliometric software
VOSviewer was used. This software allows the exploration and visualization of bibliometric
networks through the construction of two-dimensional graphs that are easy to interpret,
where, among others, the co-authorship and co-citation networks, the related links between
papers and authors, and, finally, the strength of the relationship between the links of these
two bibliometric networks are determined [72].
However, considering the different sources of information originating from the identified literature, it was also necessary to use other software, such as Excel and Mendeley. This
made it possible to generate a personalized analysis in which the following variables were
considered: the main authors of the subject, the main countries of scientific production in
the subject, and the annual production, among others. This generated database allowed the
identification and categorization of the collected information and its visualization through
conventional bibliometric graphs.
2.2. Technical Analysis
The purpose of the technical analysis was to analyze the particularities of each study
with respect to each of the parameters listed in Table 2.
Table 2. Characteristic parameters for the technical classification of documents.
About the Structure
Structure type (greenhouse or screenhouse)
Greenhouse type
Structure size
Structure type (greenhouse or screenhouse)
Greenhouse type
Structure size

About the Simulation
Type of software used for numerical solution of
the simulations
Type of numerical simulation performed
Type of numerical grid implemented
Turbulence model implemented
Implemented radiation model
Implemented crop model
Type of meteorological condition simulated

Additionally, to evaluate the impact of the journals in which the selected studies were
published, information was identified through the SCImago Journal and Country Rank
(SJR), reviewing the H-index value, which relates the number of citations based on the
number of articles published, and the quartile position in Scimago Journal Rank (SJR) was
also reviewed. These quartiles order the journals of each subject category from highest (Q1)
to lowest (Q4) in terms of index or impact factor [65,73].
3. Results and Discussion
3.1. Bibliometric Component
3.1.1. Analysis of Related Scientific Production
Figure 2 shows the behavior of articles published annually, between 2010 and 2020.
The total number of articles for the period analyzed was 118 articles, which translated
into an average value of 10.72 published articles per year. The years of least and most
publications were 2010 and 2019 with 7 and 18 papers, respectively.
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is predominant, in recent years the phenomenon of natural ventilation and microclimatic
optimization by passive methods has been investigated [74].
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3.1.3. Keywords Used
A total of 223 keywords were identified in the 118 documents collected, 156 keywords
were used only once, 37 keywords were used twice, and 8 keywords were used three and
four times, respectively. Figure 5 shows the 14 most frequently used keywords. It was
identified that the word CFD was used in a total of 81 documents. The next most used
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3.1.4. Academic
Journals
forcondensation
Publication or free water on the plants foliage [79].
For the subject of the study, 65 academic journals were found that have published
related studies during the last decade; these journals were indexed in approximately
30 databases. Table 3 shows 15 of the main journals that have published at least one
document. It can also be seen that 13 of these 15 journals were reported in the SCImago
Journal and Country Rank platform, which allows characterizing these groups of journals
through the quartile in which they are classified, the H-index, and the SCImago Journal
Rank (SJR).
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Table 3. Main academic journals that publish on the research topic.
Rank

Journal

1
2

Acta Horticulturae
Biosystems Engineering
Computers and Electronics in
Agriculture
Agrociencia
International Journal of Heat and
Technology
Protected Horticulture and Plant
Factory
Open Journal of Fluid Dynamics
Ornamental Horticulture
Renewable Energy
Journal of Agricultural
Engineering
Energy and Buildings
Revista Ceres
African Journal of Biotechnology
Agronomy Mesoamerican
Comunicata Scientiae

3
4
5
6
7
8
9
10
11
12
13
14
15

Number of
Documents

%

SRJ

H-Index

Quartile

22
11

18.64
9.32

0.18
0.89

58
110

4
1

7

5.93

1.21

115

1

5

4.24

0.19

22

3

3

2.54

0.28

29

3

3

2.54

N.a

N.a

N.a

2
2
2

1.69
1.69
1.69

N.a
0.27
1.83

N.a
6
191

N.a
3
1

2

1.69

0.3

18

2

2
2
1
1
1

1.69
1.69
0.85
0.85
0.85

1.74
0.3
0.3
0.12
0.24

184
16
84
2
12

1
2
3
4
3

Table 3 shows that the journals that have made the greatest contribution to the total
number of documents collected are: Acta Horticulturae with 18.64%, Biosystems Engineering with 9.32%, Computers and Electronics in Agriculture with 5.93%, and Agrociencia
with 4.24%, for a total of 38.13%, equivalent to 45 published scientific articles. The journal
Acta Horticulturae is located in quartile 4 and presents an H-index of 58 and an SRJ index
of 0.18, this journal publishes on general topics of horticulture. On the other hand, the
journal Biosystems Engineering is in quartile 1 with an H-index and SRJ of 110 and 0.89,
respectively; its publications represent advances in the understanding of the performance
of biological systems and it is considered an interdisciplinary journal.
Computers and Electronics in Agriculture is a quartile 1 journal with an H-index of
115 and an SRJ of 1.21 and its publications are related to agronomy, horticulture, forestry,
aquaculture, and livestock in research lines related to electronics, the internet of things,
and sensing in agriculture. The journal Agrociencia is a quartile 2 journal with an H-index
of 22 and an SRJ of 0.19; it is a journal that publishes articles related to agricultural sciences
in the context of Latin America and the Caribbean.
Finally, the production per year for the six journals with the highest number of articles
shows very different trends (Figure 6). It was observed that the journals Acta Horticulturae,
Biosystems Engineering, and Computers and Electronics in Agriculture are journals that
have published continuously from 2010 to the current time. The journal Agrociencia, on
the other hand, published on the subject between 2010 and 2015, but in the last five years
did not publish articles related to the subject. This behavior may be associated to the
fact that Latin American researchers have looked to submit their work in journals from
other latitudes, perhaps seeking greater visibility. This may be linked to the fact that the
International Journal of Heat and Technology seems to be a new alternative academic
journal where researchers seek to publish the work developed in this field of knowledge.
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Co-Citation
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Leading authors and
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field of knowledge
in the last decade.

Author
Edwin Villagrán
Jorge Flores
Velázquez
Carlos Bojacá
Juan Ignacio
Montero
Camacho
Thierry Boulard
Abraham
Rojano-Aguilar
Hicham Fatnassi
Davide Piscia
Irineo L. LópezCruz

Co-authorship networks make it possible to analyze and recognize structures that
Published Number of
Current
Current
Country of
make up a scientific community [86]. Likewise, these networks allow the association of
Documentsgroups
Citations
Position
Institution
of authors and
their contribution to the continuous
scientific productionNationality
in a specific
Corporación
Colombiana
de with the use of the
area of knowledge [87].
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7
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co-authorship
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276 software—256 authors were Investigación
VOSviewer
identified, each
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by a node,
researcher
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these authors make up 42 working groups, and the
network is related to a total of 690 links
with a total link strength of 911.
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Colegio de Posgraduados
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French National Research Institute for
8
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French
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works between 2010 and 2015, where the principal authors were identified as Lopez-Cruz I
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the authors
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University
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Table 4. Leading authors in the field of knowledge in the last decade.
Author

Published
Documents

Number of
Citations

Current
Position

Current
Institution

Country of
Nationality

Edwin Villagrán

18

276

Associate
researcher

Corporación Colombiana de
Investigación Agropecuaria
(AGROSAVIA)

Colombia

Jorge Flores
Velázquez

15

311

Researcher

Colegio de Posgraduados

México

Carlos Bojacá

14

913

Full profesor

Juan Ignacio
Montero Camacho

10

2531

Senior researcher

Thierry Boulard

8

8032

Senior researcher

Abraham
Rojano-Aguilar

8

324

Professor

Hicham Fatnassi

7

1570

Senior horticulture
scientist

Davide Piscia

7

144

Researcher

Irineo L. López-Cruz

6

1790

Researcher

Thomas Bartzanas

5

3345

Associate
Professor

Esteban Baeza

5

1293

Researcher

Constantinos Kittas

5

3074

Professor

Guillermo De la
Torre-Gea

5

121

Researcher manger

Hassan Majdoubi

5

258

Researcher

Mhamed Mouqallid

5

124

Researcher

Jorge Tadeo Lozano
University
Institute of Agrifood
Research and Technology
(IRTA)
French National Research
Institute for Agriculture
(INRA).
Chapingo Autonomous
University
International Center for
Biosaline Agriculture
(ICBA)
national center for genomic
analysis (cnag)
Chapingo Autonomous
University
Agricultural University of
Athens
Wageningen UR
Greenhouse Horticulture
University of Thessaly
Garman Technology
Research and Development
Institute
Regional Center of
Education and Training
Jobs-Fes-Meknes
Ecole Nationale
d’Agriculture de Meknès

Colombia
Spain

French
México
French
Italy
Mexico
Greece
Spain
Greece
Mexico

Morocco
Morocco

Only authors participating in the larger co-authorship network are presented in Figure 8,
excluding the small networks seen in the periphery of Figure 7. There, it shows that the
production network of 114 authors is made up of 12 different groups related with 389 links
and with a total link strength of 571. It also shows important authors who published a
good number of papers between 2012 and 2016, such as Bartzanas T, Molina- Aiz F, Baeza
EJ, Flores Velasquez J, and Suay R.
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groups of authors and their contribution to the continuous scientific production in a specific area of knowledge [87]. Figure 7 shows the co-authorship network built with the use
of the VOSviewer software—256 authors were identified, each author is represented by a
node, these authors make up 42 working groups, and the network is related to a total of
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690 links with a total link strength of 911.
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A co-citation analysis allowed us to identify the patterns of behavior of the community interested in the research topic under study. That is, in the simplest case, two or more
documents share a co-citation relationship when cited by a third document, directly reflecting the relationship in the topics among these document [88]. This relationship gains
strength as the frequency with which the group of two or more documents are again co-
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3.1.7. Frequently
Frequently Cited
Cited Documents
Documents
3.1.7.
Of the
94 have
Table 55 shows
Of
the 118
118 documents,
documents, 94
have been
been cited
cited at
at least
least once.
once. Table
shows the
the 15
15 most
most
cited
documents
in
the
area
of
knowledge
and
region
of
study.
Within
these,
the
top
cited documents in the area of knowledge and region of study. Within these, the top article
article
is the
the one
one published
publishedby
byBournet
Bournetand
andBoulard
Boulard
[41],
who
carried
a review
article
on
is
[41],
who
carried
outout
a review
article
on the
the
studies
developed
in
natural
ventilation
of
greenhouses
from
1984
to
2009.
In
this
studies developed in natural ventilation of greenhouses from 1984 to 2009. In this docudocument can also be found all the advances obtained at that time in the implementation
ment
can also be found all the advances obtained at that time in the implementation of
of CFD simulation for this subject. Following this, with 86 citations, is the work developed
CFD simulation for this subject. Following this, with 86 citations, is the work developed
by Piscia et al. [90], which was the first CFD simulation work on nighttime weather that
by Piscia et al. [90], which was the first CFD simulation work on nighttime weather that
incorporated the user-defined functions needed to predict condensation phenomena.
incorporated the user-defined functions needed to predict condensation phenomena.
Table 5. The 15 most cited published papers between 2010 and 2020.

Title
Citations Reference
Effect of ventilator configuration on the distributed climate of
178
[41]
greenhouses: A review of experimental and CFD studies
A CFD greenhouse nighttime condensation model
86
[90]
Comparison of finite element and finite volume methods for
82
[91]
simulation of natural ventilation in greenhouses
Numerical simulation of thermal behavior of a ventilated arc
78
[33]
greenhouse during a solar day
Dynamic simulation of the distributed radiative and convective
68
[92]
climate within a cropped greenhouse
Microclimate and evapotranspiration of crops covered by
63
[93]
agricultural screens: A review
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Table 5. The 15 most cited published papers between 2010 and 2020.
Title
Effect of ventilator configuration on the distributed climate of greenhouses: A review of
experimental and CFD studies
A CFD greenhouse nighttime condensation model
Comparison of finite element and finite volume methods for simulation of natural
ventilation in greenhouses
Numerical simulation of thermal behavior of a ventilated arc greenhouse during a solar day
Dynamic simulation of the distributed radiative and convective climate within a cropped
greenhouse
Microclimate and evapotranspiration of crops covered by agricultural screens: A review
Computational fluid dynamics applications to improve crop production systems
Efficacy of greenhouse natural ventilation: Environmental monitoring and CFD simulations
of a study case
Ventilation optimization of solar greenhouse with removable back walls based on CFD
CFD and weighted entropy-based simulation and optimization of Chinese Solar
Greenhouse temperature distribution
A method of coupling CFD and energy balance simulations to study humidity control in
unheated greenhouses
CFD Simulation of Heat and Mass Transfer for Climate Control in Greenhouses
Numerical simulation of solar radiation, air flow and temperature distribution in a
naturally ventilated tunnel greenhouse
Mejora de las tasas de ventilación de invernaderos bajo condiciones climáticas del centro de
México
Transient CFD analysis of the natural ventilation of three types of greenhouses used for
agricultural production in a tropical mountain climate

Citations

Reference

178

[41]

86

[90]

82

[91]

78

[33]

68

[92]

63
60

[93]
[94]

58

[95]

52

[15]

37

[96]

35

[96]

35

[97]

31

[98]

31

[46]

31

[29]

3.2. Technical Component of the Studies
3.2.1. Protected Agriculture Structure Types
A total of 17 different types of protected agriculture structures were identified (Table 6).
Five of the main greenhouse structures stood out, such as the chapel, tunnel, arch, Gothic,
and the Venlo types; among these five typologies, a total of 81 publications were made.
Also, there were existing studies on passive structures, such as screenhouses, which had
a total of nine publications and which are structures that have been very popular among
farmers in the last decade, mainly in warm weather conditions in low-altitude regions.
There were two studies developed in the Americas regarding greenhouses built in hillside
areas, which is also a cultivation practice that has been increasing in recent years as a
technological alternative to open field agriculture.
The size of the structures is also relevant, since one of the factors to be considered in
CFD simulation studies is the size of the structure. This factor will determine the computational cost required and the simulation time to obtain an accurate solution. In this regard,
Table 7 presents the studies classified according to the size of the structures evaluated,
showing that 45 studies were conducted in small, protected agriculture structures, followed
by 35 and 16 studies in medium and large structures, respectively. The remaining studies
did not report the size of the greenhouse evaluated.
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Table 6. Types of protected agriculture structures analyzed in the documents collected.
Protected Agriculture
Structure Type

Number of Publications

References

Chapel

21

Tunnel

19

Arc
Venlo
Gothic
Zenital
Screenhouse
Chinese Solar
Traditional Colombian
Standard peak
Almeria
Canary
Slope
Simple
Sierrra
Octagonal
One-water sloping roof

14
14
13
10
9
5
3
2
2
2
2
1
1
1
1

[39,47,75,90,96,99–114]
[17,49,76,79,92,104,105,110,
115–125]
[33,98,126–137]
[32,54,95,104,105,138–146]
[29,37,46,56,78,126,147–153]
[5,38,122,126,149,154–158]
[122,125,130,159–164]
[15,165–168]
[29,111,169]
[170,171]
[19,91]
[172–174]
[6,175]
[176]
[83]
[137]
[136]

Table 7. Number of protected agriculture structures grouped according to surface area covered (m2 ).
Small

Medium

Large

(≤500 m2 )

(Between 500 m2 and 5000 m2 )

(>5000 m2 )

45

35

15

This diversification of evaluated sizes depends very much on the final objective of
the research work or the place where it was carried out, for example, the studies carried
out in research centers or universities were generally done on small-size structures, such
as that from De la Torre-Gea et al. [150], who developed a study using CFD and Bayesian
networks to determine the distribution of temperature, humidity, and CO2 as a function of
crop height in a Gothic-type greenhouse.
The studies in medium or large passive greenhouses have usually been conducted in
commercial production structures, for example Villagrán y Bojacá [77] used a CFD model to
determine the performance of a commercial greenhouse used in the Colombian ornamental
sector. Similarly, Flores-Velasquez et al. [122] determined the climatic performance of four
protected agriculture structures used for agricultural production in Mexico.
In the last decade, several authors have analyzed different types of existing greenhouses for agricultural production, reaching the almost generalized conclusion regarding
the geometry of the structure and its strong influence on the behavior of the microclimate [17,76,78,110]. In general terms, it has been observed that the air flow movement
will present different velocities depending on the shape of the roof [110]. This same roof
geometry will affect the heat transfer values and, therefore, the temperature distribution in
that region of the greenhouse [136]. On the other hand, recent studies have recommended
the octagonal-type greenhouse because they have better ventilation rates and better temperature distribution compared to greenhouses equipped with side and roof ventilation [137].
Likewise, with respect to geometry, it is increasingly common to find studies that recommend increasing the height of structures in order to improve the efficiency of the natural
ventilation phenomenon [148].
It is important to mention that these works have allowed the identification of the
optimal size and location of the ventilation areas, which has improved the microclimatic
behavior of the structures [29,110]. Moreover, it has been possible to determine the surface area of ventilation required to generate optimal microclimates in different types of
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greenhouses [29,125,137]. Another generalized conclusion is that passive greenhouses
should not be larger than 50 m in width [122]. Regarding the behavior of climatic variables
of physiological interest, such as photosynthetically active radiation (PAR), Mesmoudi
et al. [105] found that for the climatic conditions of Algeria, the Venlo-type greenhouse is
the one that allows the best PAR utilization.
For the case of Indonesia, Romdhonah et al. [170,171] defined that the suitable greenhouse structure is the peak type, while for Korea, Rasheed et al. [116], recommended the
use of the Gothic greenhouse with conical roof, since these are the types of greenhouses
that generate the best natural ventilation performance under the climatic conditions of
each country. In China [15] and Thailand [151], the ventilation areas for a Chinese solar
greenhouse and an arc-type greenhouse were redesigned to reduce the thermal gradients
inside the structures. In Colombia, based on the limitations of the traditional greenhouse,
two greenhouse models have been proposed: the DMG (curved multi-span design) and the
GMG (Gothic multi-span design), greenhouses that have 19% more ventilation area, which
allows higher ventilation rates and lower thermal gradients [29]. Likewise, for a chapeltype greenhouse, the implementation of ventilation towers was recently recommended as
a passive ventilation alternative to obtain a homogeneous microclimate [177].
3.2.2. Type of Covering Material
Regarding the covering material, the main aspects to be considered for its selection
are the cost and physical, thermal, and optical properties (Table 8). The main materials
reported in the documents collected showed that the most used material is polyethylene,
which was reported in 67 studies and in 16 of the 24 countries. This result coincides with
previous studies, such as the one of Choab et al. [178], who concluded that low-density
polyethylene is the most used material for greenhouse covers due to its low cost.
Table 8. Number of publications grouped by type of covering material used in the analyzed structure.
Type of Covering Material

Number of Publications

Polyethylene (plastic-covered)

67

Glass

11

Various roofi materials

9

Anti-insect screen
Polycarbonate
Polyvinyl film (PVC)
Shade screen
Polypropylene
Expanded polystyrene

7
5
1
1
1
1

References
[5,6,17,29,33,38,46,47,49,56,75–
77,79,83,90–92,96,99,101–
103,106–111,113,116–
121,124,127–
129,132,134,140,147–
158,162,167–169,172–175,179–
181]
[32,95,100,105,138,141–146]
[19,98,104,122,125,126,130,131,
135]
[159–164,182]
[54,137,139,170,171]
[15,176]
[182]
[166]
[165]

Another material commonly used for greenhouse covering is glass, which has greater
durability over time and more stable optical properties during its useful life. For this
study, 11 documents reported the use of this glazing material. Glass is a rigid material that
requires the greenhouse to have a more robust structure and to allow for the installation
panels, which is one of the reasons why it is less used [102]. Another advantage of
glass is its high thermal radiation retention capacity, which allows for better nighttime
climate conditions, since it can limit the thermal inversion process that is characteristic
of plastic-covered greenhouses. Thermal inversion is the main reason why the indoor
microclimate presents lower temperature conditions and higher humidity values compared
to the outdoor environment [152].
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In other studies, different covering materials have been analyzed; in this work, nine
investigations were found that had this approach. To highlight the work of Lee et al. [126],
where two types of greenhouse with plastic cover and two types of greenhouse with glass
cover were analyzed. The conclusion was that both the shape of the structure and the
roof material affect the thermal behavior of the greenhouses and, therefore, different air
renewal flow rates are needed to maintain the same temperature conditions in each of the
structures.
On the other hand, Baxevanou et al. [135] developed a study evaluating four types of
covering materials: ethylene vinyl acetate (EVA), thermal polyethylene (TPE), polyvinyl
chloride (VPVC), and a three-layer coextruded film (3L) in a tunnel-type greenhouse with
tomato plants built in Central Greece. The conclusion was that for the climatic conditions
that occurred throughout the year, the most suitable covering material was ethylene vinyl
(EVA), since, for the tomato crop, it was the one that generated the best thermal conditions
and air flow pattern and, at the same time, the one that allowed the best use of PAR
radiation.
Another covering material primarily used in screenhouses is the porous insect-proof
screen, which is a material widely used in hot climate regions where rainfall is scarce or
occurs during very specific times of the year. In warm weather conditions, the spatial
behavior of the temperature under this material is homogeneous and does not differ greatly
from the outside temperature, with a thermal differential of only 1.7 ◦ C [164]. However,
it should be mentioned that the selection of the porous mesh at commercial level should
be made taking into account the degree of control efficiency with respect to the main
insect pests to be controlled and the level of restriction of the natural ventilation of the
structure [122].
Finally, there are shadehouses, where the main objective is to limit the level of radiation
that enters the structure. Depending on the crop, this can be used for agronomic and
physiological purposes or to improve the microclimate conditions inside the structure.
In a study carried out in Mexico, a shade net structure was evaluated, which presented
favorable conditions for agricultural production with an average thermal gradient of
−4.65 ◦ C, with respect to the ambient temperature [130].
3.2.3. Analyzed Ventilation Configuration
Natural ventilation is the main method of climate control for passive structures,
although it should be noted that each structure differs in terms of the surface area of
the vents, their location in the structures, and the ventilation configuration used in each
country [29]. The dominant ventilation configuration is ventilation through the lateral and
roof areas, which was analyzed in 67 studies (Table 9).
Table 9. Number of publications grouped by type of ventilation configuration used in the analyzed
structure.
Ventilation
Configuration

Number of Publications

Side and rooftop

67

Side

21

Rooftop

16

Closed

4

References
[6,17,19,29,32,37–39,46,47,75–
79,83,91,95,99,101,104,105,108,111,113,
114,117,122–128,130,132,141–145,147–
149,152–164,166,168–174,176,181]
[15,33,54,90,92,98,102,103,109,116,118–
121,135,140,150,165,167,179,182]
[5,49,56,96,106,110,115,129,134,136–
139,146,151,175]
[100,107,131,133]

One of the main conclusions is that this configuration allows an adequate homogenization of the microclimate and high air renewal rates in different types of greenhouses [37,183,184]. This type of configuration generally allows cool and fresh air to
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enter through the side vents and evacuates hot and humid air through the roof vents [170].
It is also the most widely used ventilation configuration in countries such as Colombia and
Mexico, as it was reported in 17 and 13 investigations, respectively.
As for side ventilation, 21 studies were reported with this type of ventilation configuration
—studies that were mainly developed in Greece, with four publications, followed by Algeria,
China, and Spain, each with three publications. In general, this type of report has been made
for tunnel greenhouses or greenhouse typologies that do not have ventilation systems in the
roof. The general recommendation is that this ventilation configuration can be used in narrow
or mono-span greenhouses, since the cooling of the greenhouse will be restricted to the areas
near the side window where the air flow from the outside environment enters [36].
The rooftop ventilation configuration was reported in 16 studies, and it has been used
in Venlo greenhouses or in multi-tunnel greenhouses that do not have ventilation areas
on their side walls [137,146,185]. Its efficiency and effect on the microclimate will depend
on several factors, among which, it is worth mentioning: the type of opening generated
and whether it is roll-up or hinged. For roll-up ventilation, the wind direction is not a
determining factor in the microclimate conditions generated inside the greenhouse [185].
In the case of the hinged opening, the best arrangement is on the windward side, since they
allow generating a higher air renewal rate, but their cooling efficiency is also discussed,
since it is a configuration that generates greater climatic heterogeneity [111]. However,
it is also important to note that each greenhouse structure must be evaluated in order to
determine the best configuration and arrangement of the rooftop ventilation areas since
its efficiency will depend on multiple factors specific to the structure, the local climatic
conditions, and the obstacles that may exist around the greenhouse [56,111,169].
On the other hand, a few studies have focused on analyzing the movement of air
flow in closed greenhouses, either under night or winter weather conditions, where the
aim was to increase the temperature to optimal levels for agricultural production either
via the greenhouse effect or from passive heating systems [131]. Under these conditions,
Ghernaout et al. [100] reported that the free convection airflow will depend on the heat
transfer coefficient between the soil and the greenhouse interior environment and through
the heat transfer coefficient between the roof and the inside and outside environment of
the greenhouse.
Finally, what is also clear is that several studies, regardless of the ventilation configuration used, have continually suggested increasing the ventilation areas of greenhouses in
order to obtain the ventilation rates required for a naturally ventilated structure [37,155].
Therefore, it is important to note that greenhouses with ventilation surfaces equivalent
to 30% or less of the covered floor area of the greenhouse present heterogeneous microclimatic conditions due to poor ventilation rates [75–77]. On the contrary, greenhouses
with ventilation surfaces higher than 35% show adequate ventilation rates and thermal
behavior of lesser magnitude and greater homogeneity [169]. Another trend identified
in regions where prevailing wind speed conditions are less than 1 m s−1 , is the increase
of ventilation in the roof region, which helps to generate higher rates of renewal via free
convection [110,142].
3.2.4. Type of Software Used for Numerical Solution of the Simulations
Nowadays, due to the boom and success that CFD studies have had in this area of
knowledge, there are a good number of commercial or open-source options available. For
instance, in the preprocessing phase, it is possible to use AUTODESK to generate the
geometry, ANSYS Fluent to solve the numerical models, and TECPLOT 360 to develop the
postprocessing phase [17].
Table 10 shows the main solution software identified in the collected research. It
was observed that the most widely used software has been ANSYS Fluent, with a total of
70 studies carried out in 15 of the countries from which the scientific publications’ inaugural
research studies originated, highlighting its use in Colombia, Mexico, Algeria, Spain, and
Japan. The second most used has been the ANSYS CFX software, with a total of five studies,
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some of them developed in Tunisia and Korea. Also, with less frequency of use were some
software, used by a single country, such as Airpak 3.0, implemented in China, Autodesk
CFD 2015, used for a publication that originated in Italy, Autodesk CFD 2017 in Brazil,
COMSOL and MATLAB in Iran and Star CCM+ in South Africa. It should be noted that
the choice of software will depend on the user, their programming capacity and, in many
cases, the access to paid licensing software.
Table 10. Number of publications grouped by type of software used for CFD simulations.
Software Type

Number of Publications

ANSYS FLUENT

79

ANSYS CFX
CFD2000
FORTRAN
SOLIDWORKS
ANSYS FLOTRAN
StarCCM+
Software Truchas
Airpak 3.0
COMSOLMultiphysics
COMSOL Y MATLAB
Autodesk CFD 2015
Autodesk CFD 2017

5
4
3
3
2
2
2
1
1
1
1
1

References
[5,6,15,17,19,29,32,33,37,38,46,47,
75,76,78,79,83,90–92,96,98–
107,111,113,115,117–
121,124,125,127,128,130–135,138–
142,146–150,152–162,164–
166,168,169,175,179,181]
[116,151,163,167,176]
[56,172–174]
[39,114,136]
[145,170,171]
[110,182]
[143,144]
[109,123]
[54]
[49]
[137]
[95]
[129]

It should also be noted that some of the software programs used have a different
solution methodology for the equations that describe the motion of a fluid flow, better
known as Navier–Stokes equations. The finite volume methodology (FVM) stands out,
which was used in 95 of the analyzed publications. This is related to the type of solution
software implemented, such as ANSYS FLUENT, which, by default, performs the solution
by FVM, because this is the fastest solution methodology with the lowest computational
cost, also offering very accurate solutions [91].
The other methodology is the finite element method (FEM), which can be run in
the commercial package ANSYS FLOTRAN. This methodology can offer a little more
accurate solutions than those obtained with FVM. Although, the accuracy achieved in the
solution versus the computational cost and the memory available to store the data of the
generated solution are quite debatable [91]. For more technical details, such as types of
suitable numerical mesh, stability, and convergence time, the reader is referred to review
the work of Molina-Aiz et al. [91] and Benni et al. [32]. Finally, another possibility is to use
a combined method with FEM and FVM, such as the one running with the ANSYS CFX
solver, which can often provide more accurate, stable, and faster solutions.
3.2.5. Type of Numerical Simulation Performed
In general, CFD simulations for the study of natural ventilation in greenhouses can
be approached through two solution approaches. The first one is in steady state, in which
specific starting conditions are established until the convergence of this simulation is found,
and this method has mainly been used for quick evaluations or in works that aimed to
design some kind of greenhouse structure [17]. The other solution approach is in transient
time state, this type of simulation is effective to evaluate the behavior of the microclimate
in a greenhouse and its effect on the dynamics of heat and mass transfer of plants of any
crop species. This type of simulation can also establish the changing conditions that are a
reality in the climate variables in the external environment to the structure [53,186].
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In the documents collected, 84 of these studies developed the simulations in steady
state (Table 11). As for the countries where these 84 studies were carried out, 17 came from
Mexico, 14 from Colombia, and 8 from China, and most of them aimed at analyzing and
quantifying the natural ventilation of some type of greenhouse structure and its effect on
the microclimate generated. In some specific studies, it was deduced that due to the size of
the greenhouse evaluated, the most appropriate option in terms of computational cost was
the stationary simulation, e.g., Villagran et al. [112] and Flores-Velasquez [122].
Table 11. Number of publications grouped by type of simulation implemented in the numerical
analysis.
Type of Simulation

Number of Publications

Steady state

84

Transient state

15

Both

8

References
[6,17,19,37–39,46,47,49,54,56,75–
79,83,91,96,98–101,104,105,107–
109,111,113–118,120–125,128–
134,136,140–150,152–164,166,169–
176,179,182]
[15,29,32,33,92,102,103,106,110,
119,135,137,139,151,167]
[90,95,126,127,138,165,168,181]

Also to be highlighted is the work carried out by Lalmi et al. [118], who used steadystate simulations to evaluate the efficiency of a thermal storage system inside a tunnel
greenhouse and found that the use of this accumulator improved the thermal conditions of
the greenhouse in a range of 3 to 5 ◦ C. These authors also concluded that a successfully
validated CFD model should allow the design and location of future heating systems in
the Ghardaïa region of Algeria.
In the case of transient state simulations, a total of 15 research papers with this
methodological approach were identified. In this case, the largest number of papers were
generated in China, with six publications, followed by Spain and Korea, each with three
published articles, while in countries such as Colombia, only one publication has been
generated with this type of simulation. In general, these types of simulation are the most
suitable approach to simulate the real experimental conditions collected in the outdoor and
indoor environments of any protected agricultural structure.
Hong and Lee [106] reported that it can take from 3 to 20 min after opening a ventilation area for the effect of natural ventilation to be observed on the thermal pattern in a
single-bay chapel greenhouse. Likewise, Erráis et al. [139], in a study where the temporal
evolution of transpiration and photosynthetic rate of a tomato crop established in a Venlotype greenhouse was evaluated, reported a detailed description of the thermal radiation
and transpiration fields inside the crop, concluding that these present a high heterogeneity
due to the differentiated radiation levels that are intercepted at the different levels of the
crop canopy.
On the other hand, there are studies that have reported on the technical issues visualized through steady state and transient state simulation studies. Piscia et al. [90]
implemented transient simulations to validate a CFD model under nighttime weather
conditions and then, with the validated model, stationary simulations were used to study
condensation phenomena under different initial conditions. The authors reported that
the condensation phenomena behaved with the same characteristic pattern. Therefore,
they could be modeled under the same logistic function that can represent the simulated
starting conditions. Finally, the increasingly explicit interest of researchers in simulating
the interactions of some type of crop with microclimate conditions is undoubtedly the main
reason why transient state simulations are currently being promoted.
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3.2.6. Type of Numerical Grid Implemented
Another relevant phase in CFD simulation studies has focused on the definition of the
type of numerical meshing to be established to discretize the computational domain, which
will undoubtedly allow us to obtain accurate solutions in accordance with reality [124].
In general, we found simulation works developed with structured grids; this type of
numerical grid presents a regular connectivity between the nodes of the grid and, at the
same time, allows researchers to obtain a good convergence and resolution of the analyzed
problem [187].
On the other hand, there are the unstructured grids, which present irregular connectivity between grid nodes and, in terms of computational calculation, require more time for
the solution of the analyzed problem and, in turn, require more memory for data storage
and processing. Although, this type of meshing is better suited to complex geometries and
requires less experience by the user in numerical meshing processes [11].
It was observed that 51 publications did not report what type of numerical grids
they implemented in their simulation process, while 45 research papers reported that they
implemented unstructured numerical grids. Finally, eight publications used the structured
type of grid and three investigations used a hybrid-type grid, which is a combination of
structured and unstructured cells (Table 12). Therefore, it can be mentioned that perhaps
because of the versatility that unstructured grids allow, these are the most implemented in
the research works carried out.
Table 12. Number of publications grouped by type of numerical meshing used in the discretization
of the computational domain.
Type of Grid

Number of Publications

No Reported

51

Unstructured

45

Structured
Hybrids

8
3

References
[5,38,46,56,83,90,102,103,107,108,114,
117–120,122,126,127,130,131,134–
138,145,146,148–151,153–
155,158,159,161,165,166,168,170–
175,179,181,182]
[6,15,17,19,29,37,47,49,54,75–
77,79,91,95,96,99–101,104,105,109–
111,113,115,116,121,123–125,129,132,
140,143,144,147,152,156,157,162–
164,169,176]
[32,33,39,78,92,98,133,142]
[106,128,139]

Regarding the origin of the publications, Greece and Italy were the countries that
topped the list of publications where the structured grids were implemented, with three
and two documents, respectively. For the unstructured grids, the country with the most
publications was Colombia with a total of 16 documents, followed by Algeria with 4 and
finally Costa Rica, Spain, and Mexico with 3 each.
It is also important to mention that regardless of the type of numerical grid implemented, it will always be necessary to determine the quality of the numerical grid, its size,
and the independence of the solution to the size of the numerical grid [79,187]. In general,
preprocessing software has within its interface the option to quantify the quality of the
numerical grid under some indexes created for this purpose, such as asymmetry, aspect
ratio, and cell skewness [78]. For the definition of the solution independence to the size of
the numerical grid, it is advisable to perform sensitivity analyses to find the appropriate
size that guarantees a high accuracy of the solution at the lowest possible computational
cost [95,99,187].
3.2.7. Turbulence Model Implemented
The simulation of air flow over a protected agricultural structure will require the
selection of a closure model to simulate the fluctuating component of the flow, better
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known as turbulence [41]. Table 13 presents the turbulence models used in the compiled
papers; it was found that during this last decade, the use of the standard k-ε model was
predominant, being implemented in 72 research papers. This model is quite popular to
study greenhouse climate since it offers accurate solutions at a low computational cost [79].
The countries that contributed the most were Colombia with 17, Mexico with 13, China
and Spain with 7 and Morocco with 5 studies.
Table 13. Number of publications grouped by type of turbulence model implemented in the CFD
simulations.
Turbulence Model

Number of Documents

References

k-ε estándar

72

No. reported

16

k-ε RNG
LES
Use of various
models
k-ε Realizable
k-ε Modified
Mixing length
turbulence model

7
4

[5,6,15,17,19,29,33,37,38,46,47,49,75–
79,83,90–92,96,98,99,102–
105,108,111,113,116,119–121,123–
125,127,128,130,131,134,135,137–
139,142,147,150–152,154–162,164–
169,172–174,176,181]
[32,39,56,100,107,114,115,132,133,136,
140,145,146,150,171,175]
[54,101,117,141,148,153,182]
[110,118,122,123]

3

[126,129,149]

3
1

[106,143,144]
[163]

1

[95]

The k-ε RNG model was found to be the second most commonly used, with a total of
seven publications, coming from countries such as Korea, China, Greece, Italy, Mexico, and
Turkey. This renormalized turbulence model has proven to be more accurate for predicting
the airflow pattern inside greenhouses built in regions with low wind speeds [188]. Thirdly,
was the use of the large eddy simulation (LES) model, with a total of four studies; in
general, it has been reported that the accuracy of the LES model is better than that of the
standard k-ε models, although it should also be mentioned that the use of the LES model
will require a higher computational cost [187].
Three research papers have also been developed comparing the results obtained using
different turbulence models. For instance, Lee et al. [126] performed the calculation of
ventilation rates by CFD simulation in four greenhouse types, using in the simulations
the standard k-ε, RNG k-ε, realizable k-ε, standard k-ω, and SST k-ω turbulence models.
The results showed that for single-span greenhouses, the most appropriate turbulence
model is the RNG k-ε model, since it offers satisfactory simulation results with respect to
the experimental results and is a turbulence model that allows obtaining solutions at an
acceptable computational speed.
Finally, we found works where modified turbulence models were used. Teitel and
Wenger [163] implemented the turbulence model described in the work of Yang et al. [189]
in order to study the air flow behavior in two frame house structures with different
roofs. They reported that the structure cover influenced the speed and intensity of the
air movement pattern in the region where crops were grown. On the other hand, Benni
et al. [95] reported the implementation of a turbulence model specially designed to simulate
the natural convection process in naturally ventilated greenhouses. Likewise, 16 documents
did not report which turbulence model was implemented in the CFD simulation. This is not
adequate since it does not provide the reader with the necessary information to understand
the implemented CFD model and, in turn, restricts the applicability or replication of the
model for studies in other structures or climatic regions.
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3.2.8. Implemented Radiation Model
The behavior of the microclimate in a protected agriculture structure is also highly
dependent on the energy transfers via solar radiation [190]. Likewise, the level of radiation
intercepted by the roof and transferred to the interior of the structure directly influences
plant physiological processes, such as transpiration and photosynthesis [191,192]. Therefore
the coupling of a solar radiation model able to efficiently and realistically simulate radiative
transfers has been increasingly an area of interest and continuous development in this area
of knowledge [41].
In the same way, solar radiation affects the thermal component of natural ventilation,
with solar radiation being the cause via the greenhouse effect and by free convection of
the buoyancy phenomenon. This phenomenon promotes the recirculation of air in the
region close to the greenhouse roof [33,193]. Therefore, in regions where low wind speeds
are predominant, it is important that the CFD simulation considers solar radiation since
the air flow behavior is affected by the chimney phenomenon due to thermal phenomena
occurring from the ground to the ventilation areas located in the roof zone [121].
Regarding the type of radiation model implemented in the reviewed studies
(Table 14), it was observed that there were 62 investigations where the use of a solar radiation model was not reported or a simplified method was used where boundary conditions
were established, either temperature or heat flux on the roof, floor, or walls of the roof
structure analyzed [29,41]. Romero-Gómez et al. [46], in a study developed in a tunnel-type
greenhouse in Mexico, calculated ventilation rates by applying a heat flow condition on the
floor inside the greenhouse. The main conclusion of this study was that the type of CFD
model can contribute to identify relevant design factors affecting greenhouse cooling under
local climatic conditions. This same conclusion has been reported in other studies with the
same methodological approach [76,105,169].
Table 14. Number of publications grouped by type of radiation model implemented in CFD simulations.
Radiation Model

Number of Documents

Simplified method

62

Discrete Ordinate Model
(DOM)

44

Rosseland—solar calculator

1

Reference
[19,32,37–39,46,49,76,78,83,91,95,99,
100,106,108–111,113–116,120–
123,126,129,131,133,136,141–
149,151,153–156,159–161,163–
165,167,169–176,179,182]
[5,6,15,17,29,33,47,54,56,75,77,79,90,
92,96,98,101–105,107,117–119,124,
125,127,128,132,134,135,137–140,
150,152,157,158,162,166,168,181]
[130]

Regarding the research papers that implemented a radiation model to solve the radiative transfer equation (RTE), 44 studies that used the discrete order (DO) radiation
model stood out (Table 14). This model allows considering the different wavelengths of
solar radiation and allows modeling radiation on semi-transparent walls and is suitable
for media with a variable spectral absorption coefficient over the entire wavelength spectrum [194]. For its implementation, the optical characteristics of the covering material, such
as absorptivity, transmissivity, and reflectivity for each wavelength considered, must be
provided [195]. It is also possible to include a user-defined function written in C++ code to
couple the irradiance boundary conditions to the CFD model [33].
The DO radiation model implemented in CFD studies developed in France and
Morocco showed that the level of solar radiation has a strong influence on the stomatal
resistance of crops and, therefore, on plant transpiration. Additionally, they confirmed the
ability of the numerical model to predict the microclimate for different times of the day and
times of the year, since the position of the sun can be set within the boundary and initial
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conditions of the CFD model, which increases the realism of the generated simulations [139].
On the other hand, Da silva et al. [132] demonstrated that indirect ventilation through
ground heat exchangers can reduce the temperature inside a tunnel-type greenhouse by up
to 4 ◦ C.
A study was also identified in Mexico, where the Rosseland model was used in
conjunction with the solar calculator included in the software by default [130]. This work
identified that a greenhouse–shade-screen hybrid structure in semi-arid climatic conditions
showed a lower thermal gradient compared to a greenhouse with a plastic cover, enabling
vegetable production. It should also be mentioned that when solar radiation data for the
study region are not available, these values can be obtained from the solar calculator of the
Ansys Fluent software, and these values from the solar calculator can be coupled to any
of the radiation models available in the software [4]. Finally, these coupled simulations
in recent years have allowed the evaluation of different covering materials, which helps
producers or decision makers to select the covering material with the best microclimate
conditions, better PAR radiation utilization, and higher thermal efficiency in protected
agriculture structures [135].
3.2.9. Implemented Crop Model
The realism increasingly demanded by CFD modeling and simulation studies together
with computational development has allowed the implemented models to include some
type of crop inside the evaluated structures. The general methodological approach has
been to consider the crop as a porous medium where the Darcy–Forchheimer equation is
solved [53]. Also, from user-defined functions, mathematical models can be programmed
to simulate the blocks of crop plants as sources of sensible and latent heat, depending on
local climatic conditions and radiation levels [41]. The aerodynamic coefficients established
experimentally in wind tunnels for different types of crops can also be included in the CFD
model, which allows for simulation of the physical restriction to the air flow generated by
the crop rows [7].
However, 55.1% of the collected works did not consider the crop within the simulations
developed (Table 15). Many studies justified the non-presence of the crop in their research,
mainly because they sought to characterize ventilation rates and temperature and relative
humidity distribution patterns under the worst-case scenario of a greenhouse in an empty
condition [15,32,76]. Under this condition, much of the energy captured by the structure is
converted into heat since there are no crop plants to serve as sinks or provide water vapor
to help regulate the temperature through water evaporation [2]. It can also be mentioned
that in the works originated in countries such as Colombia, Saudi Arabia, United States,
Indonesia, Iran, Italy, Japan, Thailand, Taiwan, and Turkey, most of them did not include
any type of crop.
Table 15. Number of publications that considered or omitted the presence of crop plants in the CFD
simulations.
Presence of Crop

Number of Publications

No

65

Yes

42

Empty and crop

1

References
[15,29,32,37,39,46,47,49,54,75–
79,83,90,91,95,99–101,106–
108,110,111,113–118,121,123–126,129–
131,133,136,137,140,142,144–
152,160,162,164–166,169–171,175,176,182]
[5,6,17,19,33,38,56,92,96,98,102–
105,119,120,122,127,128,132,134,135,138,
139,141,143,150,153–
159,161,163,167,168,172–174,181]
[109]

Regarding the studies that included the crop, 42 works were identified (Table 15).
These studies came from Israel, Morocco, France, and Qatar, countries that included
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the crop in all publications generated in the last decade. Nebbali et al. [92] detailed a
mathematical model useful for predicting heat and mass exchanges in tomato plants. The
authors concluded that this crop model programmed in a CFD model had a high predictive
capacity to determine the behavior of transpiration in the crop rows and its spatiotemporal
evolution throughout the day. Likewise, Piscia et al. [134] concluded that the transpiration
rate of the crop will depend on the leaf area index of the plants and on the level of radiation
that falls on the plant canopy.
Regarding the contribution in number of works developed with the presence of crops,
it is worth mentioning Mexico, where 10 publications with this approach originated. These
works allowed researchers to determine that when the location of the crop is parallel to the
air flow, the conditions of humidity and CO2 concentration improve and not the thermal
gradient, although the authors emphasized that the conditions generated are optimal for
the growth and development of the tomato crop [153]. These studies also identified that
the effect on the air flow velocity generated by the different types of crops depends on the
morphology and porosity degree of the plant [109]. In a study where different crops were
evaluated, it was reported that the average velocity in a screen house with pepper plants
was 0.18 ms−1 , while in the same structure with green bean plants, the average air flow
velocity was 0.3 ms−1 [159].
One of the last studies developed in Mexico focused on calculating, through CFD
simulation, the accumulation of degree days in a tomato crop established in two regions of
the country. This information allowed predicting the crop cycle, planning planting and
harvesting tasks, as well as water resource management. The authors reported that for the
Navolato region, up to four harvests can be achieved during a year, while in Texcoco only
one crop cycle can be achieved, which must be transplanted in May and harvested before
November [156].
These simulations with crop presence have also led to the conclusion that the ventilation rate is not always the most appropriate indicator to evaluate a type of structure.
As observed in the research results, it is more important to determine the conditions at
the plant level for variables such as air flow velocity, temperature, absolute humidity,
and, in general terms, the homogeneity of the microclimate [157,173]. For example, one
of the South African studies concluded that greenhouses located to leeward show lower
air velocity distribution at plant height, while those located to windward show higher
velocities and generate greater heterogeneity, which influences the quality and production
of the crop [143].
3.2.10. Type of Meteorological Condition Simulated
Until 2003, greenhouse microclimate studies developed with CFD simulation focused
on analyzing the conditions generated during the daytime period [17]. However, it has
been increasingly frequent to carry out studies in greenhouses under night weather conditions due to phenomena that occur during the night period, mainly in plastic-covered
greenhouses, such as condensation or thermal inversion [162]. The frequent interest in
improving the thermal efficiency of greenhouses and of some heating systems implemented in some regions has also contributed to this increase in studies on nighttime climate
conditions [196].
In this case, 75 of the documents collected were studies developed for the daytime
period (Table 16). Of this total, the three countries that made the greatest contribution
were Mexico, Colombia, and China with 19%, 15%, and 11%, respectively. There are also
other countries that have publications only for the daytime period, such as Saudi Arabia,
Brazil, Iran, Qatar, Thailand, and Taiwan. As for studies on night climate, 12 papers were
identified, with a high percentage coming from countries such as Spain, Morocco, and
Colombia. Finally, 16 studies developed in Colombia, Algeria, and Indonesia analyzed the
two conditions.
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Table 16. Number of publications grouped by type of meteorological condition analyzed in the CFD
simulations.
Type of Climate

Number of Publications

Daytime

75

Daytime and
Nighttime
Nighttime

16
12

References
[5,6,15,19,29,32,33,37–
39,46,47,49,54,56,76,78,91,98,99,101,104–
106,109–111,113,114,117,120–123,125–
130,132–138,140–147,150,151,153–
159,161,164,166–169,175,176,179,181,182]
[17,75,77,92,95,100,116,118,119,124,139,
148,162,165,170,171]
[79,83,90,96,102,103,107,131,152,172–174]

The main objective of daytime climate analysis is to characterize the movement of
flow patterns, quantify ventilation rates, as well as to evaluate some alternatives for the microclimatic optimization of various protected agriculture structures [76,175]. On the other
hand, for nighttime conditions, research has attempted to establish climate management
strategies to mitigate thermal inversion [75]. For example, it has been proposed to use
double roofs, mulches, or thermal screens in addition to the covering material in order to
limit energy loss [152,174,197]. It has also been proposed to use a tunnel-type greenhouse,
since it presents a suitable thermal behavior for the night period [140], or for other types of
greenhouses use closing systems in the fixed ventilation areas in the roof region [79].
3.2.11. Type of Validation Used
Another relevant step in the CFD modeling and simulation process is the validation
phase of the numerical results. This should generally be done by means of a procedure
that allows obtaining experimental data under the configuration of one of the simulated
scenarios. This validation process allows researchers to define if the numerical results
present a good fit with the real observed behavior [91,125,187]. For the documents collected,
it was identified that the most used experimental methodology is the measurement of
microclimatic variables inside the evaluated structures, a methodology that was used in 69
of the published documents (Table 17).
Table 17. Number of publications grouped by type of validation developed in the research work.
Type of Validation

Microclimatic
measurement
Not reported
Not validated
Wind tunnel
Based on previous
research results
Water tunnel
Auto calibration

Number of
Publications

References

10
9
9

[5,6,15,17,19,29,32,33,37,47,54,75,77,79,83,90,
91,95,99,100,102,104–
107,111,113,116,117,120,121,125,127–
129,132,135,137–142,144–146,148,150–
156,162,164–169,171,173,175,176,179,181,182]
[39,46,78,92,96,98,119,131,143,174]
[56,76,101,103,133,134,147,161,163]
[49,108,109,115,123,126,129,136,149]

8

[114,118,136,157,159,160,170,172]

2
1

[38,122]
[110]

69

Microclimatic evaluation is the type of validation that allows recording the behavior
of the microclimate inside the structure and its interaction with the plants and the climatic
conditions outside. The climatic variables inside protected agricultural structures with
which CFD models are validated have usually been temperature and relative humidity
in most studies [5,47,79,104]. As a second line of use for validation, variables such as air
flow velocity and direction have been quantified [15,29]; other studies have investigated
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the measurement of the CO2 concentration [19,150], heat flow from the ground [152], and
the radiation level [181].
These microclimatic measurements have made it possible to experimentally verify
some quite general problems of passive greenhouses, such as the high spatial heterogeneity
in the behavior of temperature, relative humidity, and CO2 concentration [111,150,175].
In addition, poor air renewal rates, thermal inversion, and problems generated by condensation in this type of structure have been observed, factors that limit yields and the
quality of harvested products [79,102,139]. Under this same methodological approach, but
with a considerable number of 33 measuring and recording sensors, it was also possible to
perform a qualitative and quantitative validation of the spatial distribution of temperature
in a 2000 m2 greenhouse using prediction techniques with geostatistics [17].
The next validation methodology identified was through wind tunnel measurements;
under this methodological approach, the CFD models of nine of the published studies were
validated. This validation methodology allows observing the qualitative and quantitative
characteristics of the airflow pattern. Pakari and Ghani [49] reported that the maximum air
flow velocity magnitude predicted by the CFD simulations presented an error of 3% with
respect to those obtained experimentally in the wind tunnel. The authors also mentioned
that the CFD model had a high capacity to predict the air recirculation zones generated in
the air entry region of a tunnel-type greenhouse equipped with wind ventilation towers.
Similar prediction error results were reported for three types of single-span greenhouses in
Korea by Ha et al. [108].
It is also worth noting that in the study conducted by Baeza et al. [149], a regular approximation of the results obtained in the wind tunnel compared to those obtained by CFD
simulation has been reported. The authors recommended maintaining the development of
experimental tests on the real greenhouse prototype to improve validation methods, since
wind tunnel results cannot always determine the real behavior of greenhouse structures
under different ventilation configurations. These combined wind tunnel and field experimentation validations were successfully carried out by Kwon et al. [198], Fouad et al. [199],
and, more recently, by Vieira Neto and Soriano [129].
Another alternative that has been used by researchers is the comparison of their results
with the results obtained in previously published research papers. Under this validation
approach, eight studies developed in the last decade were identified (Table 17). Within this
classification, it was observed that the studies came from countries such as Algeria, Arabia,
Indonesia, Mexico, and Morocco. For example, Majdoubi et al. [172] used a CFD model
from a previous study already validated and published.
The objective of this new work was to analyze the effect of ventilating under three
different ventilation configurations in a Canarian greenhouse under day and night climate
conditions. The authors reported that for daytime conditions the greenhouse should
be ventilated only through the ventilation areas arranged on the east and west sides of
the structure, since this configuration helps to reduce the heterogeneity and the thermal
gradient at the crop level. Likewise, this ventilation configuration used in nocturnal climate
conditions allows reducing the humidity level in the volume occupied by the crop canopy.
Another form of validation is through experimentation on scale greenhouse models
inserted in water tunnels. This type of validation allows researchers to see the behavior
of water flow through the greenhouse structure and to record it qualitatively with the
use of visualization techniques. Under this validation methodology, two research works
developed in typical Mexican structures were identified.
It is important to highlight that a total of 19 research studies did not validate the CFD
models or did not report the validation results obtained. Some studies mentioned that
the validation of the simulations is complex due to the difficulty in accurately quantifying
the ventilation rates in greenhouse structures. Finally, a study was identified where the
authors mentioned that they based their study on the law of fluid physics related to
continuity, reporting that the difference between the air inlet and outlet flow rates to the
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computational domain only presented a standard error of 3.24%, concluding that the CFD
model implemented was reliable for the development of the simulations [110].
Experimentally collected data are generally compared with those obtained by CFD
simulation. These comparisons of the datasets allow researchers to establish the degree of
fit of the CFD model to predict the real conditions occurring inside the protected agriculture
structures [125]. These comparisons are mainly performed by calculating some goodnessof-fit measures, such as the root mean square error (RMSE), the absolute error (MAE), or the
mean percentage error (MAPE). In this review, 34 studies calculated these goodness-of-fit
measures as an evaluation method to define the prediction quality of the implemented
CFD model and, therefore, to determine if its use is appropriate for the purposes of the
proposed research or if, on the contrary, modifications should be made to the CFD model
to improve its prediction capacity.
The error ranges considered adequate to accept the model are diverse; in general, it
has been mentioned that for the MAPE the errors should be below 10% for the variables
predicted by the CFD model [4,200]. This is in line with the recommendation given by
Baptista et al. [201], who recommended that models used to predict the microclimate in
greenhouses should not have errors greater than 10% for variables such as temperature
and relative humidity. It should also be mentioned that the more these goodness-of-fit
measures tend to 0, the better the predictive quality of the implemented CFD model [29].
Within this group of studies, it is worth highlighting those that achieved RMSE values
below 0.7 ◦ C for temperature [83,102,143] and below 4% for relative humidity [47,166].
Other studies have calculated some less commonly used indices, such as the ratio
of percentage deviation index (RPD), which is a value that relates the standard deviation
values of the measured data and the RMSE of the simulated values. RPD values higher
than 2 indicate a good prediction quality [95,202]. Alternatively, some publications have
validated CFD models by means of graphical comparisons between the data obtained
experimentally in the protected agricultural structure and those obtained by numerical
simulation. A total of 19 publications included this methodology in the validation analysis
(Table 18). Da silva et al. [132] obtained values above 0.94 in the correlation coefficient
between measured and simulated data for temperature, humidity, and solar radiation
inside an arc-type greenhouse.
Table 18. Number of publications grouped by type of comparison between simulated and experimental data sets.
Method of Comparison

Number of Publications

4

[5,15,17,19,32,37,47,54,75,77,79,83,99,
102,105,110,111,121,124–
126,129,130,132,142,145,152,162,164,
166,170,171,203]
[90,106,107,113,114,122,127,128,136,139,
144,149,153,160,165,167,169,173,181]
[91,104,105,108,110,116,120,135,138,141,
143,146,148,150,182]
[6,100,101,175]

4

[29,95,137,176]

3

[6,154,156]

Goodness-of-fit

34

Trend graphs

19

Statistical analysis and
trend graph
Statistical analysis
Goodness-of-fit and
trend graph
Statistical analysis and
goodness-of-fit

References

15

Another form of quantitative analysis identified in 15 studies was the construction of
trend graphs between measured and simulated data and the application of statistical tests to
analyze these datasets. In general terms, these statistical tests with 95% confidence intervals
sought to determine whether there were significant differences between the variances or
between each of the measured and simulated datasets and, based on these results, to
accept or reject the validity of the CFD model [11,175]. Finally, 11 studies validated the
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CFD models using some of the techniques mentioned above or some combination of them
(Table 18).
3.3. Current Research Trends
Current and future research trends include a growing interest on the part of growers
to establish their crops in insect-proof screenhouses [204,205]. Therefore, this is a topic of
interest that may have further developments in the coming years, focusing on the search for
structural mesh lattices that allow the greatest control of pest insects with the least possible
impact on air flow patterns and the homogeneity of the microclimate [164]. In addition,
this type of screenhouse structure should have some type of simple structure inside to limit
the water fall on the leaves of the plants and, thus, allow horticultural production during
the rainy seasons of the year [125].
On the other hand, the use of renewable energies as a technological alternative to
optimize the microclimatic conditions of passive protected agricultural structures has also
been acquiring research interest in recent years [11]. In this regard, it should be mentioned
that for daytime climate conditions in low latitude and warm climate regions, it is necessary
to limit the incident radiation on the interior of the structures to reduce the generated
thermal gradient. This can be achieved through the use of shading screens [134] or from
the use of photovoltaic panels that also allow the generation of energy that can be used for
other air conditioning tasks [5,206,207].
Likewise, for nighttime climate conditions, it is necessary to continue research on
passive heating systems that allow users to increase the energy level inside the structures
in order to improve plant growth and development and to limit phenomena such as
condensation and thermal inversion [79]. These scenarios, together with those of daytime
climate, should certainly start with the inclusion of crops in CFD models, which will allow
simulating the interactions between the physical processes of plants and their contribution
to the generation of the microclimate, thus making the simulations more realistic.
In terms of the greenhouse structural design, a line of research is also being generated
where the objective is the structural optimization of some greenhouse typologies. These
studies use numerical simulation to determine the air pressure coefficients that generate
stresses and point to structural loads that can affect the structural stability of greenhouses
or the physical durability of covering materials [208]. Therefore, information on validated
models for single-span greenhouses [115,209] and for multi-span greenhouses [210,211] is
already available in the scientific literature. The authors’ conclusions highlight the need
for further studies to relate wind direction and speed to the internal and external pressure
coefficients of the greenhouse structure.
4. Conclusions
A compilation of 118 papers on the use of computational fluid dynamics (CFD) applied
to the study of natural ventilation in passive protected structures used for agricultural
production in tropical and subtropical climatic regions, in the last decade, was achieved.
These papers were written by 256 authors associated with research centers and universities
and the reviewed studies were carried out in 24 countries with Mexico and Colombia
predominating. The papers were published in 65 indexed academic journals where Acta
Horticulturae, Biosystems Engineering, and Computers and Electronics in Agriculture
stood out. The year with the highest production of published papers was 2019 with
18 papers.
In general, interactions between research groups and authors from countries of the
Mediterranean region, Mexico, and Colombia were observed. The most studied structures
were polyethylene-covered greenhouses, where a total of 16 typologies implemented in
these geographical regions were identified. Greenhouses with areas less than 500 m2 and
ventilated through side and roof ventilation were predominant.
In terms of computational simulation, the most widely implemented software has been
Ansys Fluent, which discretizes and solves the equations that describe the behavior of air
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flow using the finite volume methodology. The most developed type of simulation is under
steady state time, applying the k-ε turbulence model, without the presence of crop and
without coupling any solar radiation model. Analyses of structures under diurnal climate
conditions were also predominant, where research studies mainly sought to determine the
ventilation rates of each greenhouse type and their effects on the spatial distribution of
temperature.
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